Background Limited data are available regarding global hepatitis B virus (HBV)-related morbidity and mortality and potential reduction in disease burden from hepatitis B vaccination.
Introduction
Safe and effective vaccines have been available to prevent hepatitis B virus (HBV) infection since 1981, and the costeffectiveness of hepatitis B vaccination has been welldocumented. 1 In 1992, the World Health Organization (WHO) countries, including those with high prevalences of HBV infection and presumably high disease burden, had not introduced hepatitis B vaccine into their national immunization programs. In addition, vaccination coverage was low in many countries that had introduced the vaccine. 3 A barrier to the introduction of routine childhood hepatitis B immunization has been a lack of appreciation of the disease burden attributable to HBV infection. Although most new HBV infections occur among infants and young children, HBV-related morbidity and mortality is not immediately apparent. Acute symptomatic hepatitis B is infrequent among infected infants and children, but the likelihood of progression to chronic infection, which accounts for most HBV-related morbidity and mortality, is highest in these age groups. 4, 5 Chronic HBV infection usually remains asymptomatic until cirrhosis and hepatocellular carcinoma (HCC) become clinically apparent, usually among adults. Although chronic liver disease accounts for a high proportion of deaths worldwide, 6 liver disease and its etiology often go unrecognized, especially in less-developed countries. 7 While hepatitis B mathematical models have been developed, most focus on models of disease burden in a single country or economic evaluations of hepatitis B vaccination, but do not include estimates of global disease burden or vaccination impact. 1 To define the disease burden associated with HBV infection, we developed a mathematical model to estimate HBVrelated morbidity and mortality. This model can be used to estimate country, regional and global hepatitis B disease burden and potential reduction in disease burden with different hepatitis B vaccination strategies.
Methods

Model overview
A model was developed to estimate population-based HBVrelated morbidity (i.e. total and chronic HBV infections) and mortality (i.e. deaths from acute hepatitis B and the chronic sequelae of HBV infection-cirrhosis and HCC) and the effect of hepatitis B vaccination on these outcomes using the age-specific risk of acquiring HBV infection, development of acute hepatitis B (illness and death), and progression to chronic infection ( Figure 1a and b). Because the natural history of HBV infection is related to age, infection was assumed to occur in one of three age periods: perinatal (at birth); early childhood (after birth through 5 years), and late (.5 years). Cirrhosis and HCC deaths among persons with chronic HBV infection were presumed to be HBV-related, and were estimated from age-specific HBV-related cirrhosis and HCC mortality curves (Figure 2a and b) , adjusted for background mortality.
Risk of infection
Perinatal period: The number of HBV infections acquired in the perinatal period among the surviving birth cohort was calculated from the prevalence of hepatitis B surface antigen (HBsAg) and hepatitis B e antigen (HBeAg) among women of childbearing age. We assumed 90% of infants born to HBsAg-positive/ HBeAg-positive women, and 10% of infants born to HBsAgpositive/HBeAg-negative women would become infected (Appendix 1).
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Early childhood period: The number of infections acquired after the perinatal period through 5 years of age (i.e. early childhood infections) was determined from the prevalence of HBV infection among the 5 year old population by excluding perinatal infections (Appendix 1).
Late period: The number of infections acquired after 5 years of age (i.e. late infections) was determined from the prevalence of HBV infection among persons >30 years old in the population by excluding infections acquired in the perinatal and early childhood periods (Appendix 1). The prevalence of infection among persons >30 years old was taken to represent the lifetime risk of HBV infection.
Outcome of infection
Acute hepatitis B: The risk of acute hepatitis B is age dependent and occurs in~1% of perinatal, 10% of early childhood, and 30% of late infections (Figure 1a) . 11, [15] [16] [17] [18] Risk of fulminant hepatitis is also age dependent and occurs in 0.1-0.6% of acute hepatitis B cases (Figure 1b) . 19, 20 Mortality from fulminant hepatitis B was assumed to be 70%, regardless of age. [20] [21] [22] To estimate the current deaths from acute hepatitis B (see Model output section), age-specific mortality was derived from United States surveillance data for a period (1983-89) prior to the widespread use of hepatitis B vaccine.
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Chronic HBV infection: Development of chronic HBV infection is inversely related to age and occurs in~90% of persons infected perinatally, 30% infected in early childhood, and 6% infected after 5 years of age ( Figure 1a) . 4, 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] The likelihood of progression to chronic infection did not differ among persons with symptomatic or asymptomatic infection. 4, 15, 24 The model assumed loss of chronic infection (i.e. loss of HBsAg) of 0.5% per year beginning at 20 years of age. [25] [26] [27] Persons in whom infection resolved were assumed not to die from HBV-related cirrhosis or HCC.
Mortality from chronic HBV infection
Cirrhosis mortality: A composite age-specific mortality curve was derived from cirrhosis mortality data (ICD-9 code 571) from Taiwan (1990-96) 28 
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HCC mortality: Composite age-and sex-specific mortality curves were derived from HCC mortality data from populations with a high endemicity of HBV infection and HCC incidence (Alaska Natives, China, the Gambia, Taiwan) by fitting a polynomial function of age to population data using Chi-square goodness of fit (Figure 2b ) (Appendix 2B). [35] [36] [37] [38] [39] [40] HCC incidence and mortality were assumed to be equal since most people die of HCC within 1 year of diagnosis. 41 For populations without HBV-specific HCC mortality data, we estimated this parameter from studies of the attributable fraction of chronic HBV infection among persons with HCC: 53% in the Gambia 42 and 70% in Taiwan. [43] [44] [45] To calculate HBV-related HCC mortality among HBsAg-positive persons, the curves were adjusted for the prevalence of HBsAg in the population: 12.0% in The Gambia 46 and 15.2% in Taiwan. 33 The mortality curves were adjusted to account for the six-times higher risk of HCC among HBeAg-positive compared to HBeAgnegative persons (Appendix 2B).
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Background mortality: Country-specific background mortality from 1999 (United Nations Development Program) was used to estimate the surviving number of HBsAg-positive persons who remained at risk of death from HBV-related cirrhosis or HCC.
Hepatitis B vaccine efficacy and effectiveness
The efficacy of a complete hepatitis B vaccination series (i.e. >3 doses of hepatitis B vaccine) in preventing perinatal HBV infection (post-exposure immunization) and early childhood and late infection (pre-exposure immunization) was estimated to be 95%. 48 A complete vaccination series was assumed to provide lifelong protection from clinical acute hepatitis B and chronic HBV infection. 49 To prevent perinatal infection, the first dose of vaccine had to be administered within the first 24 h after birth. 48 Infants who received the complete vaccination series, but the first dose of vaccine .24 h of after birth were considered susceptible to perinatal infection, but protected from early childhood and late infection. Vaccination program effectiveness was calculated from vaccination coverage (complete series and birth dose) and vaccine efficacy (Appendix 3).
Model input
The model requires the following population-specific data to calculate disease burden: (i) birth cohort surviving past the first year of life, (ii) prevalence of HBsAg and HBeAg among women of child bearing age, and (iii) prevalence of HBV infection (resolved and chronic) among 5 year olds and >30 year 
Model output
The model calculates hepatitis B disease burden in a specified year (designated as current burden) and in a specified birth cohort over the course of the birth cohort's lifetime (designated as future or lifetime burden).
Current burden: The model calculates the total number of deaths from acute hepatitis B, cirrhosis, and HCC in a specified year by applying the age-specific mortality curves for acute hepatitis B and HBV-related cirrhosis and HCC to the population structure for that year.
Future or lifetime burden: The model calculates the expected number of HBV infections, chronic infections, and deaths from acute hepatitis B, cirrhosis and HCC over the lifetime of a birth cohort. The output includes the proportion of infections and deaths according to age at acquisition (perinatal, early childhood, or late period) and potential reduction in infections and death with hepatitis B vaccination.
Global and regional estimates
Global and regional estimates of current and lifetime HBVrelated deaths were calculated for the year 2000 (current burden) and the 2000 birth cohort (lifetime burden) for each of the six WHO-defined regions: Africa, Americas, Eastern Mediterranean, Europe, Southeast Asia, and the Western Pacific. For these calculations, countries were divided into 15 country groups based on similarities of estimated HBV infection prevalence (Appendix 4). The model was run for each country in the country group, using the same estimates for each of the four input parameters, and then countries were re-aggregated into their appropriate WHO region.
Sensitivity analysis
Disease burden sensitivity analyses: A sensitivity analysis was performed to determine the effect of modifying the four input parameters (HBsAg, HBeAg, anti-HBc at 5 years old, anti-HBc at >30 years old), the cirrhosis and HCC mortality curves, the risk of perinatal infection, and all parameters related to the natural history of infection (Figure 1a and b) on current HBVrelated deaths. For each of these parameters, values 20% below and 20% above the base case estimates were used. For the cirrhosis and HCC mortality curves, values 20% lower and 20% higher than the composite estimate for each age was used. Each parameter was changed, one at a time, while the others were held constant.
Effect of incomplete vaccination: The effect of an incomplete vaccination series on the reduction in HBV disease burden was determined based on 30% efficacy of one dose of hepatitis B vaccine and 70% for two doses. 50 At each level of complete coverage (i.e. 10-90% in 10% increments), it was assumed an additional number of children equal to 5% of the 
Results
Global and regional estimates of hepatitis B disease burden
Global and regional estimates of current hepatitis B-related deaths and lifetime HBV infections and deaths are shown in Table 1 . In the year 2000, an estimated 620 000 HBV-related deaths occurred globally: 580 000 (94%) from chronic HBV infection and 40 000 (6%) from acute hepatitis B. Regionally, almost all (90-95%) deaths were attributable to chronic HBV infection; the proportion of deaths due to acute hepatitis B varied from 5 to 10%. Over the lifetime of the year 2000 global birth cohort, without vaccination, there would be an estimated 64 766 000 HBV infections, 9 733 000 chronic infections, and 1 405 000 HBV-related deaths. This number of deaths is 127% greater than current number of deaths, primarily because of population increase and longer life expectancy. Similar to estimates of current HBV-related deaths, the majority (95%) of future deaths would result from chronic infection and only 5% from acute hepatitis B. Overall, 1.1% of the 2000 global birth cohort would be expected to die prematurely from HBV-related causes: 1.2% in Africa, 0.2% in the Americas, 0.7% in Eastern Mediterranean, 0.5% in Europe, 1.1% in Southeast Asia, and 2.2% in the Western Pacific.
Without vaccination, 21% of all HBV-related deaths in the 2000 birth cohort would result from perinatal HBV infection, 48% from infection acquired in the early childhood period, and 31% from infection acquired in the late period (Table 2) . Regionally, the proportion of deaths from perinatal infection would range from 13 to 26%, deaths from early childhood infection from 37 to 52%, and deaths from late infection from 26 to 40%. The proportion of deaths resulting from the combination of perinatal and early childhood infection would be 69% globally, and ranged from 60 to 74% by region.
Disease burden sensitivity analysis
In the sensitivity analysis, current HBV-related deaths ranged from 563 000 to 677 000, 9.2% below and 9.2% above the base case estimate of 620 000 (Table 3) . The model was most sensitive to changes in the prevalence of anti-HBc (at both 5 and .30 years old), HCC and cirrhosis mortality curves, and risk of progression to chronic infection. Changes in parameters related to the outcome of acute hepatitis (Figure 2b ) had minimal (,1%) effect on mortality (data not shown).
Reduction in disease burden with hepatitis B vaccination
Routine hepatitis B vaccination of infants, without administration of a birth dose of vaccine to prevent perinatal HBV infection, would prevent up to 75% of global deaths from HBV-related causes depending on vaccination coverage for the complete series ( Figure 3 ). As coverage increased from 50 to 80 to 90%, the proportion of deaths prevented increased from 38% to 60 to 68%. Administration of a birth dose of vaccine had a substantial impact on the proportion of HBV-related deaths prevented. With 90% complete vaccine series coverage, administration of a birth dose to 50 and 90% of the vaccinated birth cohort increased the proportion of deaths prevented to 77 and 84%, respectively. With 100% complete vaccine series coverage and 100% of infants receiving a birth dose of vaccine, it would be theoretically possible to prevent 95% of all HBVrelated deaths.
The proportional decrease in HBV-related deaths by region, with 90% complete vaccination series coverage and 0, 50, and 90% birth dose coverage is shown in Table 4 . The additional reduction in deaths with 90% birth dose coverage compared to no birth dose ranged from 10% points in the Eastern Mediterranean to 20% points in the Western Pacific. The impact of the birth dose was most pronounced in the regions with the highest proportion of deaths attributable to perinatal infection. When efficacy from one and two doses of hepatitis B vaccine were included, an additional 0-3% of global deaths were prevented compared to baseline (i.e. complete vaccination coverage), depending on the level of complete coverage (Table 5) . When the first dose of vaccine was administered at birth, an additional 0-4% of deaths were prevented, depending on the level of coverage (data not shown).
Discussion
Models to estimate HBV disease burden are by necessity complex because outcomes differ by age at acquisition of infection, there are acute and chronic disease conditions, and most mortality occurs many years after infection. Our model accounted for factors known to influence the natural history of HBV infection, including age-specific risk of acute and chronic infection, resolution of chronic infection over time, and difference in HCC risk among HBeAg-positive and negative persons. The model also accounted for background infant mortality and all-cause mortality, which are responsible for a substantial number of deaths, especially in developing countries. The robustness of the model was demonstrated by the sensitivity analyses which showed relatively small changes in HBV-related deaths with relatively large changes in all major parameters included in the model.
The model estimated that 620 000 HBV-related deaths occurred in 2000, the overwhelming majority from the chronic sequelae of infection (i.e. cirrhosis and HCC), and that without hepatitis B vaccination,~1 400 000 deaths would occur over the lifetime of the 2000 birth cohort. Differences in the current and future mortality reflect differences in the size of the birth cohort and life expectancy. The effect of changes in population demographics was reflected in the large proportional increases in future disease burden in the African and Eastern Mediterranean regions. Although early deaths from acquired immunodeficiency syndrome have resulted in shortened life expectancy in many countries of sub-Saharan Africa, the overall increase in the size of the birth cohort and increased life expectancy, especially among non-HIV-infected persons, would result in an overall increase in hepatitis B-related mortality in the region. 51, 52 In contrast, in the European region, the estimated future HBV-related mortality was only 10% greater than the current mortality, reflecting a birth cohort that has not increased substantially and life expectancy that is already relatively long.
If the global epidemiology of HIV were to change, this could impact the future number of HBV-related deaths.
The estimates and assumptions used in the model were relatively conservative, thus the model is likely to underestimate the burden of HBV infection. Although we assumed that loss of HBsAg among persons with chronic infection did not confer a risk of death from HBV-related cirrhosis or HCC, such deaths have been reported. 53 To account for these deaths, the lowest seroconversion rate from the wide range (0.5-2.5%) reported was used in the model. [25] [26] [27] The model did not include the increased risk of chronic liver disease from co-infection with hepatitis C virus, 29, 45 the increased risk of fulminant hepatitis from HDV coinfection, 54 and non-infectious etiologies of liver disease such as alcohol and aflatoxins that may increase the progression of chronic HBV infection to cirrhosis and HCC. We constructed composite cirrhosis and HCC mortality curves from available country data. While these composite curves are likely to yield accurate estimates for regional and global mortality, country-specific mortality curves would give more refined estimates of country-specific mortality. For example, the Taiwan-specific mortality curves were higher than the Gambiaspecific curves, especially among older (.50 years) persons. Similarly, few data were available regarding the attributable fraction of cirrhosis and HCC from HBV. For the Gambia, we used an attributable fraction of 53% for HCC. 42 A recent study from the Gambia estimated that 60% of HCC cases were attributable to HBV infection 55 and another study estimated that 68% of HCC cases in Africa were attributable to HBV, although countryspecific estimates were not reported. 43 The model demonstrated the potential impact of hepatitis B vaccination on HBV-related morbidity and mortality. With routine infant vaccination, up to 95% of future HBV-related deaths could be prevented, depending on complete vaccination series coverage and whether or not the first dose of vaccine was administered at birth dose to prevent perinatal infection. The impact of the birth dose would be greatest in regions with high rates of perinatal HBV transmission, and overall it could prevent an additional 16% of global HBV-related deaths. In addition, beginning the series at birth ensures protection from early childhood infection which represents the largest source of chronic infections and HBV-related deaths. If vaccine efficacy was assumed to be ,95%, the efficacy used in the model, the impact of vaccination would be equal to the assumed efficacy divided by 95%. For example, assuming 90% vaccine efficacy, the reduction in HBV-related deaths would be 95% (90% divided by 95%) of the current reduction.
The increasing global use of hepatitis B vaccine is already having a substantial impact on future HBV-related mortality. Based on WHO country-specific hepatitis B vaccination coverage data from 2003, we estimate that between 537 000 and 660 000 future deaths will be prevented, depending on birth dose coverage in those countries that administer the birth dose. These latter data are not reported to WHO. This represents a 38-47% reduction in the estimated 1.4 million future HBVrelated deaths in that birth cohort that would occur without vaccination. As more countries incorporate hepatitis B vaccination into their immunization programs and as coverage with the vaccination series and birth dose increase, the proportional decrease in deaths is expected to increase. Declines in HBVrelated morbidity and mortality have already been demonstrated in countries with long-standing routine infant and childhood hepatitis B immunization programs. A decrease in the prevalence of chronic HBV infection among vaccinated children and adolescents has been documented throughout the world, including China, Hong Kong, Taiwan, the Gambia, Senegal, Alaska, and Italy. [56] [57] [58] [59] [60] [61] [62] [63] [64] In the United States, which implemented routine hepatitis B vaccination in 1991, the incidence of acute hepatitis B among children and adolescents has decreased by 89%. 65 In Taiwan, where routine infant hepatitis B vaccination commenced in 1984, there has been a 75% decrease in the incidence of HCC among children. 66 In the model, infant vaccination was assumed to confer lifelong protection from infection. While protection has been documented to last up to 15 years, [56] [57] [58] [59] [60] [61] [62] [63] [64] the absolute duration of protection is not yet known. If protection was found to wane with time, new HBV infections could occur later in life. However, the rate of breakthrough infection (i.e. development of anti-HBc) among vaccinated persons observed in long-term studies has been low, and these infections have not resulted in clinically apparent disease and only rarely in the development of chronic infection. [56] [57] [58] [59] [60] [61] [62] [63] [64] Such outcomes would not be expected to substantially change disease mortality from acute or chronic infection.
The model underestimated the effectiveness of hepatitis B vaccination because we did not include any benefit of an incomplete vaccination series. We did demonstrate that additional deaths could be prevented by including one and two doses of vaccine, although at the coverage levels we chose to consider, it was not substantial. Although there are no data on the duration of protection with fewer than three doses of vaccine, one and two doses should provide at least short-term protection during a time when the risk of developing chronic infection is greatest (i.e. infancy and early childhood).
The model also did not take into account the potential impact of herd immunity from infant hepatitis B vaccination. 67 Although no data are available to estimate the proportion of a population that must be immune from HBV infection for there to be an effect from herd immunity, recent experience with routine infant hepatitis B vaccination among Alaska Natives and in Taiwan suggest that once HBV transmission is eliminated among young children there is a reduction in infection pressure in the general population. 61, 68 This model provides countries with a practical tool to estimate country-specific HBV-related morbidity and mortality and the potential impact of a national infant hepatitis B vaccination program. The model can be run on a desktop computer and has a user-friendly interface, and is available on the internet (http:// aim-e-learning.stanford.edu/en/vaccines/hepb/assessBurden/ model/index.html). Results generated by the model can be used to facilitate the introduction of hepatitis B vaccination and improve hepatitis B vaccination coverage in national infant immunization programs, both necessary components of a global strategy to eliminate transmission of HBV.
